Abstract Intravenous lipid emulsion (ILE) has been demonstrated to be an effective treatment for systemic toxicity associated with local anaesthetics and increasingly non-local anaesthetic agents of high lipophilicity. Effect for ILE has been demonstrated in animal models of propranolol poisoning; however, any benefit for ILE in more hydrophilic β-blockers remains uncertain. We determined to examine the effect of ILE on haemodynamic recovery following induction of hypotension with the relatively hydrophilic β-blocker, metoprolol. Twenty sedated, invasively monitored and mechanically ventilated adult New Zealand white rabbits underwent metoprolol infusion to mean arterial pressure (MAP) 60% baseline. Intravenous rescue was given according to the following groups: 6 mL/kg 20% lipid emulsion or 6 mL/kg 0.9% saline solution over 4 min. Haemodynamic parameters were obtained in 15 min. MAP was 70 (interquartile range (IQR), 58-82) mmHg saline group and 79 (IQR,(72)(73)(74)(75)(76)(77)(78)(79)(80)(81)(82)(83)(84)(85)(86)(87)(88)(89) mmHg ILE group at baseline, and 38 (IQR, 33-40) mmHg saline group and 41 (IQR, 40-43) mmHg ILE group, respectively, following metoprolol infusion. No statistically significant difference between ILE and saline-treated groups was observed in MAP, or pulse rate, at any time point following rescue therapy. ILE was not effective in reversal of metoprolol-induced hypotension in this rabbit model. These findings lend inferential support for the 'lipid sink' as principal mechanism for the beneficial effect observed with ILE administration in other models of lipophilic β-blocker-induced toxicity.
Introduction
Intravenous lipid emulsion (ILE) therapy is now an accepted treatment for reversal of life-threatening local anaesthetic systemic toxicity [1, 2] . There has furthermore been considerable laboratory and some clinical reporting of beneficial effect for ILE in toxicity from other lipophilic agents including calcium channel blockers [3, 4] , tricyclic antidepressants [5] [6] [7] and β-blockers [4, [8] [9] [10] . While the exact mechanism of action for ILE is at present uncertain, three main hypotheses have been forwarded to explain the effects of ILE as antidote. First, ILE may serve to sequester lipophilic toxins into an expanded plasma lipid phase (the so called 'lipid sink'), thereby reducing free drug levels and/or enhancing toxin redistribution to less vital lipid-rich tissues. Second, bolus administration of free fatty acids and phospholipids may serve to overcome pharmacologic impediments to mitochondrial free fatty acid oxidation. Finally, ILE may effect to increased myocyte calcium concentration and thereby myocardial contractility. It is conceivable that a combination of mechanisms may contribute to final effect [1, 2] . β-adrenergic blocking agents are among the most commonly prescribed medications in the USA, making up 5.9% of all medicine prescriptions [11] . When taken in overdose, β-blocker intoxication presents a formidable therapeutic challenge. Current recommendations for the treatment of β-blocker poisoning advocate infusion of catecholamines [12] , calcium chloride [13] , glucagon [14, 15] and extracorporeal life support [16] in instances of refractory cardiovascular collapse. More recently, high-dose insulin-glucose euglycaemia [17, 18] and Levosimendan [19] have been demonstrated effective in animal models and clinical cases of β-blocker toxicity.
In previous work, our group has demonstrated efficacy for ILE in reversing hypotension associated with infusion of the highly lipophilic β-blocker propranolol [10] , but relative absence of effect in atenolol-induced hypotension in an inherently unstable rabbit model [20] . Given the methodologic limitations experienced with the later experiment, we determined to further evaluate ILE utilising another relatively hydrophilic β-blocker as toxin. Specifically, we sought to examine the effect of ILE in metoprololinduced shock in rabbits. We hypothesised demonstration of efficacy would infer a mechanism of action mediated by some metabolic effect for lipid. Conversely, absence of effect for ILE in metoprolol toxicity would lend inferential support to the 'lipid sink' as principal explanation for the effects of ILE in lipophilic β-blocker toxicity.
Methods

Study Design
This study was undertaken as part of a programme of work investigating the effects of ILE in hypotension induced by β-blocking agents of varying lipophilicity. The design was a prospective randomised, controlled, animal experiment evaluating ILE in a rabbit model of metoprolol-induced hypotension. Mean arterial pressure (MAP) served as the primary outcome variable. The experiment was performed at the Small Animals Laboratory Facility of the Ruakura Animal Research Centre, Hamilton, New Zealand. All study protocols were evaluated and approved by the Ruakura Animal Ethics Committee. Animal husbandry was in accordance with institutional guidelines for ethical animal research.
Sample size estimation was based on data from previous experiments in the programme [8, 10] and sought a post-treatment effect of 1.6 standard deviation difference in MAP (corresponding to 25 mmHg in humans and deemed to be clinically significant). With power set at 80% and alpha level at 0.05, this equated ten animals in each group.
Animal Model
Rabbits were raised in single sex conditions, with no chance of pregnancy. All animals had free access to food and water, in a temperature/humidity-controlled environment, with a 12-h day-night cycle. All animals were weighed to the nearest gramme on the day of the experiment, then cluster randomised according to age and sex to receive either 0.9% saline or 20% Intralipid (isotonic emulsion of 20% soybean oil in water) treatment groups. Rabbits were sedated with ketamine (50 mg/kg) and xylazine (4 mg/kg) by intramuscular injection. The marginal ear vein was cannulated and, thereafter, continuous intravenous anaesthesia instituted (ketamine 10 mg/mL and xylazine 1.5 mg/mL at 1.5 mL/kg/h infusion) and maintained for the duration of the experiment. If there was any evidence of animal distress during invasive procedures, additional 1-mL boluses of anaesthetic solution were administered manually. Monitoring of heart rate and rhythm was carried out using a three lead electrocardiogram with continuous monitoring of standard limb lead II.
Arterial catheterisation of the central artery of the contralateral ear was performed, and invasive blood pressure was monitored using an Edwards Lifesciences pressure transducer connected in standard fashion to Hewlett Packard 78834A neonatal monitor. Animals then underwent tracheostomy formation using a 3.5-mm internal diameter endotracheal tube advanced under direct vision and secured via taping. Ventilation was achieved using a Nuffield series 200 paediatric ventilator, which provided an inspiratory flow rate 0.25 L/min of 100% oxygen, at 12 breaths per minute, with 5 cm of positive end expiratory pressure. Continuous colour change capnography was used to assess ventilatory adequacy (Pedicap end tidal CO 2 detector, Nellcor Puritan Bennett Inc, Pleasanton, CA, USA), and repeated doses of vecuronium 0.1 mg/kg were administered as necessary to maintain paralysis following establishment of mechanical ventilation.
Induction Toxicity
Following a period of stabilisation (3-5 min), animals were infused with 20 mg/ml metoprolol solution at 20 ml/h until a target MAP of 60% of baseline was reached. The infusion was made from crushed 50-mg metoprolol tartrate tablets dissolved in 0.9% saline solution, which was then passed through a Braun epidural filter (pore size 0.2 µm (B. Braun Medical Inc, 824 Twelfth Avenue, Bethlehem, PA 18018, USA)) before being infused into the animal. The choice to extract metoprolol in this way was made on the basis of availability. Research into the haemodynamic effects of excipients on the model of toxicity suggests these would either be removed by the filter or have no significant haemodynamic effect.
Resuscitation Protocol
On attaining target MAP, metoprolol infusion was discontinued. Animals in the control group subsequently received 6 mL/kg 0.9% saline solution infused over 4 min. Animals in the test group received 6 mL/kg 20% Intralipid over a similar period. Haemodynamic metrics (pulse rate and MAP) were collected at baseline (nominally time zero), target MAP, immediately following completion of rescue treatment and then subsequently at 2.5-min intervals to 15 min. Pulse rate was recorded to the nearest beat per minute, and MAP to the nearest millimetres of mercury. At completion of the experiment, all animals were killed using pentobarbital overdose (900 mg) as per institutional guidelines.
Outcome Measures and Statistical Analysis
The primary outcome measure was a comparison of MAP at nominated time-points following rescue treatment, with pulse rate and MAP increment additionally analysed as secondary variables of interest. Statistical analysis was performed using Graphpad Instat for Windows (version 3b, www.graphpad.com). As our previous studies demonstrated non-Gaussian distribution of MAP in toxicity, the MannWhitney test was deemed most appropriate for comparison of continuous variables. Fishers' exact and Chi-squared tests were used as appropriate for in comparison of dichotomous variables. A p value of less than 0.05 was retained as statistically significant.
Results
Animal characteristics and baseline haemodynamic metrics are presented in Tables 1 and 2 , respectively. No statistically significant differences were observed in any baseline parameter between groupings. Metoprolol dosing to toxicity was 87 mg (interquartile range (IQR), 46-110) in the Intralipid group and 104 mg (IQR, 56-145) in the control group; p=0.73.
All data were presented as median (interquartile range). MAP and heart rate are presented graphically in Figs. 1 and 2, respectively. No significant difference in MAP or pulse rate was observed at any measured time-point during resuscitation or monitoring thereafter (Table 2) . Similarly, no difference in MAP increment was observed between groupings.
Discussion
The premise of this study was to test for effect of ILE in toxicity from a β-blocker of low to moderate lipid solubility. If such an effect were demonstrated, the inference of a metabolic effect for ILE could potentially extend application to alternate agents with similar cardiodepressant properties. The absence of observed effect in this study, when a near identical experiment purported Table 2 Metoprolol dosing and monitored haemodynamic parameters effect for ILE in toxicity from the highly lipophilic β-blocker propranolol [10] , however, supports to the 'lipid sink' hypothesis over metabolic explanations as the major mechanism for any beneficial effect of ILE in β-blocker toxicity. Previous animal investigations support an effect for ILE in propranolol toxicity [8] [9] [10] . All three published studies demonstrated significant positive effects for primary or secondary haemodynamic endpoints. Conversely, in the present study, there is no signal from the data to suggest there is any difference in haemodynamic outcome at any time point following ILE administration. It is therefore suggested that drug-lipid sequestration to an expanded intravascular lipid phase and/or augmentation of circulatory carriage of the lipophilic agent to sites of redistribution, not present for metoprolol, may explain the differences observed in ILE efficacy between β-blockers of disparate lipophilicity.
In the only published animal study to date of toxicity from the hydrophilic β-blocker atenolol, no effect for ILE was demonstrated on blood pressure or pulse rate in intoxicated rabbits [20] . This study however was thought to have the hypothesis-generating finding of increased rate of improvement in blood pressure early in the course of ILE administration-a finding ascribed by the authors to potential augmentation of fatty acid metabolism. While not able to be refuted, this hypothesis is not supported by the results of the present study.
There have been two clinical cases of β-blocker toxicity treated with ILE reported in the literature. In the first report, a 31-year-old woman presented 4 h after ingesting approximately 875 mg (12 mg/kg) carvedilol [21] . She remained shocked despite glucagon, high dose euglycaemic hyperinsulinaemia and maximal dose epinephrine and dopamine infusion. Following 100 ml bolus and 150 ml infusion over 15 min of 20% ILE solution, blood pressure was normalised, and vasopressors were weaned allowing extubation. The patient survived.
In the second report, an atenolol toxic patient after initially responding to conventional antidotal treatment (systolic blood pressure (SBP), 96) was treated with ILE over 1 h and demonstrated further improvement in both SBP and pulse rate [22] . Of the two reports, the carvedilol case seems the more impressive; the patient was still shocked despite maximal conventional therapy yet displayed significant cardiovascular improvement associated with the use of ILE. In the context of available animal data and on review of the presented clinical findings, it would seem likely that ILE was causal in the improvement observed in the former, and less likely responsible for improvement in the latter. Given the lipid solubility of carvedilol is far greater than that of atenolol (Table 3) , the outcomes observed in these cases appear to further support the assertion of drug-toxin sequestration as primary mode of action of ILE in the clinical context.
Limitations
This study is subject to a number of limitations. The inability of this study to demonstrate any difference in haemodynamic parameters between groups may have been in part related to deficiencies in the model of toxicity used. Specifically, our infusion of metoprolol to a defined blood pressure endpoint represents a model for rapidly progressive toxicity and includes no ongoing infusion as mimic for continuous intestinal absorption expected in enteric overdose. In this instance, initial drug redistribution following [10] . The decision to monitor post-toxicity for a relatively short period was based on our previous protocols of β-blocker toxicity. This limits generalisabilty to the clinical scenario, where toxicity often manifests for hours before antidotal therapy. Given that effects were seen at 15 min in previous protocols [10] , this seems unlikely however. Given the mode of metoprolol extraction, exposure to some other toxic agent cannot be completely excluded as a confounder in the results of the present study. Animals however were uniformly given a pharmacologically available solution of metoprolol and behaved in a manner consistent with β-blocker toxicity. Additionally, review of the literature [23] [24] [25] [26] suggested no excipients in the tablet could have explained these effects.
The appropriate dosing regimen for ILE remains to be elucidated. As such, it is conceivable that an effect for ILE may be demonstrated if greater ILE dosing had been employed and/or if an infusion of ILE had been instituted as in other experimental regimes [1, 2] . Haemodynamic performance in both groups may have also been augmented by the known sympathomimetic effect of ketamine, utilised as sedation. We nonetheless elected to use this agent in line with both institutional protocol and previous work denoting minimal observed effect with ketamine infusion in a similar model of tricyclic antidepressant toxicity [6] . Additionally, the principal investigators in the present study were not blinded to the study intervention; therefore, potential for introduced observer or information bias exists. Primary endpoints were however collated objectively from monitoring equipment in a systematic fashion.
The present study fails to include serum drug levels and detailed pharmacokinetic analysis of metoprolol decay curves, or quantitative assessment of cardiac fatty acid utilisation. As such conclusions around mechanism of action for ILE are based on inference rather than pharmacokinetic data. Furthermore, adverse effects of ILE have not been explored in this study. ILE has been shown to decrease cardiac output and increase pulmonary wedge pressure, when infused into humans undergoing cardiac bypass surgery [27] . Recent case publications following human application, however, show no evidence of this effect [28, 29] . Finally, the monitoring interval employed in this experiment was relatively short. We are therefore unable to comment on potential late improvement in haemodynamic metrics from either treatment group.
Conclusions from this negative study must be tempered by these adherent methodological limitations. Additionally, and perhaps most importantly, the potential for type 2 error (i.e. falsely negative) is relatively large, equivalent to a 20% chance of missing an effect comparable to a 25-mmHg increase in MAP in the clinical setting.
Conclusion
ILE failed to improve immediate haemodynamic parameters in this intact rabbit model of metoprolol toxicity. Care must be taken around negative conclusions drawn from studies of this nature. However, inferential support may be taken for the 'lipid sink' as the explanation for previously observed effects for lipid emulsion in lipophilic β-blocker toxicity.
